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ABSTRACT:  Starch is a biopolymer that is widely available from agriculture/nature and thus is renewable and cheap. 
In addition, starch-based materials are biodegradable, offering a great advantage over traditional non-
biodegradable synthetic polymers. However, the poor processibility and product performance of starch 
have greatly impeded the wide application of starch in real applications. This paper reviews the current 
developments of the production of thermoplastic starch as a commodity renewable material. The biological 
origins of the feedstock, formulation development, processing requirements, as well as the important aspects 
that need to be addressed when designing a product from starch are discussed. It is hoped that this paper will 
provide insights into thermoplastic starch-based materials trends and and inspiration for future research. 
KEYWORDS:  Starch structure, thermoplastic starch, thermal processing, extrusion, plasticization
1 INTRODUCTION 
Starch is a globally available, low-cost renewable com-
modity that when processed into a thermoplastic has 
the potential to replace conventional petroleum plas-
tics. This interest has led to decades of investigation 
into the large-scale transformation of starch into a 
thermoplastic material [1, 2]. 
The most common sources of starches produced 
globally include maize (corn), wheat, rice, potato 
and tapioca. Starch is produced within plant cells as 
an energy storage mechanism in the form of spheri-
cal granules of size from <1 μm up to 100 μm [3]. The 
size, amount, and composition of the granules vary 
between plant species [4].
Starch can be processed by traditional polymer 
processing techniques, such as extrusion, without 
signiﬁ cant modiﬁ cation [1]. However, since native 
starch exists in granules (as a form of energy storage in 
nature), melt processing of native starch requires ther-
momechanical treatment, accompanied by a plasticiser 
(most commonly water—even though some research-
ers do not consider water as a plasticiser for starch), to 
produce starch-based materials. During this process, 
the phase transition (“gelatinisation” or “melting”) of 
starch occurs, which plays a critical role for the plasti-
cisation of starch—indeed this complexity makes the 
concept of plasticisation of starch different from that 
of standard synthetic polymers. By plasticisation, raw 
starch, with structural degradation at multiple levels 
(molecular, crystalline, and granular) [5], can be trans-
formed into a homogeneous polymeric state, which 
is known as “thermoplastic starch (TPS)” (in spite of 
the term, it is noteworthy that plasticised starch is not 
truly a thermoplastic but more accurately described as 
a thermomechanoplastic [6]). Figure 1 shows a typi-
cal TPS material produced by extrusion. The degree of 
phase transition can largely determine the processibil-
ity and ﬁ nal product properties [2].
Different conditions may also be used for differ-
ent subsequent processing techniques. For example, 
starch–polyester blends may be processed in melt 
state under high shear, 102–103 s-1 in extrusion, and 
103–104 s-1 in injection moulding [8]. 
To understand starch processing in depth, it is nec-
essary to discuss the biological origins of the feedstock, 
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formulation development, processing requirements, 
and the important aspects that need to be considered 
when designing a product from starch. These will be 
discussed in detail in the following sections. 
2  FEED MATERIALS FOR 
THERMOPLASTIC STARCH
2.1 Structural Features of Starch
The extensive varieties of starch sources have signiﬁ -
cant differences in composition and structure. Starch 
macromolecules can be classiﬁ ed into two main 
groups, i.e., amylose and amylopectin (even though 
there are also some intermediate molecules in between 
the two main types). The amylose is a linear structure 
of α-(1→4) linkage of glucose units while amylopectin 
is a highly branched structure of short α-(1→4) chains 
linked by α-(1→6) bonds [3]. The ratio of the amylose 
and amylopectin depends on the source and age of the 
starch as well as the extraction method from the starch 
granules [3]. Regular starch cultivars (wheat, maize, 
potato, etc.) have amylose contents ranging between 
20–30% [9], while high-amylose starches (with the 
amylose content being up to 83% [10]) have long been 
cultivated and used. Besides this, very small amounts 
of proteins, lipids and phosphorus are also found in 
starch granules depending on the botanical resource 
[11, 12]. These components can interact with the car-
bohydrate chains during processing (e.g., Maillard 
reaction) and then modify the behaviour of the starch-
based materials. Moreover, starch contains about 10% 
bound water [13]. 
Starch occurs in four different polymorphs, the A, 
B, C and V crystalline forms. Both A and B forms are 
left-handed double-helices with six glucose units per 
turn [3]. Their only difference is the packing of the 
helices, where A-form has a monoclinic unit cell while 
B has a hexagonal unit cell [3]. The C-type is simply a 
mixture of A and B. V-type starches consist of a single 
left-handed helix with a complexing agent (typically 
lipids) found inside the helix channel [3]. The V-type 
polymorph exists more in high-amylose starches [10] 
and is also prone to be formed by thermal processing 
like extrusion [14, 15]. 
2.2  Impact of Amylose/Amylopectin 
Ratios
In spite of the fact that starches with a higher amy-
lopectin content (lower amylose content) have a 
more ordered supramolecular structure and thus 
display a higher enthalpy of gelatinisation, as 
shown from differential scanning calorimetry (DSC) 
studies [16], the granules of high-amylose content 
starches are more compactly packed [17, 18], and 
usually require more energy to be destroyed for 
the production of TPS [5, 19, 20]. Therefore, poor 
processibility of high-amylose content starches is 
encountered. However, compared to those from 
low-amylose content starches, TPS materials made 
from high- amylose starches often show more ﬂ ex-
ibility and superior strength and stiffness, and dis-
play less deterioration of the mechanical properties 
due to ageing [9, 21, 22] (even though their post- 
processing shrinkage has been reported [9]). On the 
Figure 1 Typical thermoplastic starch extrudates using different dies: (a) rod; (b) ﬁ lm. (a) Reproduced with permission from [5]; 
Copyright © 2013 Wiley Periodicals, Inc.; (b) Reproduced with permission from [7]; Copyright © 2011 Elsevier.
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other hand, the use of starch with a lower amylose 
content (higher amylopectin content) could reduce 
the melt viscosity (improve the processibility); but 
it should be noted that in this case the feed rate into 
the extruder needs to be increased to keep the torque 
rate constant and to avoid unstable processing [9]. 
It has also been reported that a higher amylopectin 
content could lead to ﬁ lms with a greater elongation-
at-break value due to the higher molecular weight of 
amylopectin [9].
The amylose/amylopectin ratio of starch could 
largely inﬂ uence the produced materials. Generally, 
starch with a higher amylose content has better 
mechanical properties [7]. Nevertheless, an increase 
in the amylose content can reduce the transparency of 
ﬁ lms, due to the materials containing more granules 
that are not destroyed, suggesting less homogeneity 
[9]. In addition, examination of 100% amylose or amy-
lopectin TPS substructures has also been carried out. 
Rindlav-Westling et al. [21] reported that pure amylose 
ﬁ lms had a relative crystallinity of around 30%, while 
pure amylopectin ﬁ lms were entirely amorphous. 
Blending of the two polysaccharides would result in 
variation in crystallinity due to amylose inducing crys-
tallisation of amylopectin [21]. Puriﬁ ed amylose has a 
higher crystallisation tendency than natural amylose 
due to the change in molecular weights—a decrease in 
the molecular weight leads to a decrease in the chain 
size, allowing for a greater tendency to form continu-
ous networks [21]. 
2.3 Impact of Chemical Modiﬁ cation
Chemical modiﬁ cation (e.g., hydroxylation [23–25] 
and acetylation [26–30]) of starch by substituting 
ester or ether groups for the hydroxyls is an effective 
way to improve the processing and product proper-
ties (mechanical properties, water resistance, etc.). As 
a typical example, hydroxypropylated starch shows 
much improved processibility (lower viscosity, spe-
ciﬁ c mechanical energy input (SME), and die pressure) 
and more ﬂ exible mechanical nature of ﬁ nal ﬁ lms 
[23, 31]. Besides, Thunwall et al. [32] observed a more 
Newtonian behaviour of hydroxypropylated and oxi-
dised potato starch compared to normal potato starch. 
It is proposed that the modiﬁ cation of groups may 
weaken the starch intra- and inter-molecular inter-
actions and facilitate the formation of “ellipsoids”. 
Meanwhile, it should be noted that chemical modi-
ﬁ cation often decreases the polysaccharide molecu-
lar weight, potentially leading to materials with less 
mechanical strength, and also that the toxic chemical 
residues may modify the biodegradability and nega-
tively impact the life-cycle assessment (LCA) of the 
ﬁ nal products. 
3  FORMULATIONS FOR 
THERMOPLASTIC STARCH
3.1 Plasticisers
The addition of a plasticiser can be used to enable and 
regulate the degree of melting and disruption of starch 
granules and change a number of ﬁ lm properties to 
be more desirable for end use [9]. For a plasticiser to 
be effective for the production of TPS it needs to be 
compatible with starch, which means it needs to be 
hydrophilic [33]. Having a boiling point higher than 
the processing and drying conditions is also desirable 
to prevent the evaporation of the plasticiser out of the 
material both during processing and post processing. 
A plasticiser can reduce the internal hydrogen bond-
ing while increasing intermolecular spacing, and usu-
ally decreases the crystalline-to-amorphous ratio [34]. 
As a result of the increased mobility of polymer chains, 
it is common to see a reduction in the glass transition 
temperature by the addition of plasticiser [9].
The most common plasticisers used in TPS ﬁ lm 
production include water. However, when water is 
used as the sole plasticiser, unstable processing could 
be observed due to the water evaporation. Further, 
the ﬁ nal products based on starch containing only 
water usually have poor mechanical properties, espe-
cially due to the brittleness, since its ﬁ nal temperature 
is lower than its glass transition temperature (Tg). 
Regarding this, polyols such as glycerol, sorbitol and 
glycol have also been used for the production of TPS 
[35–45]. It has been found, however, that polyols are 
less effective plasticisers than water [9], as the gela-
tinisation of starch becomes less easy with larger 
molecules of polyols [46]. Nevertheless, polyols are 
non-volatile plasticisers, overcoming the correspond-
ing drawback of water. More non-volatile plasticis-
ers used for TPS include nitrogen-based compounds 
(urea, ammonium-derived, amines, etc.) [47–61] and 
citric acid [62–64]. In particular, citric acid has been 
regarded as an effective plasticiser for starch as the 
acidity of citric acid can promote the fragmentation 
and dissolution of starch granules, as well as the effec-
tive interactions with the C–O groups of starch (more 
than glycerol) and thus the restriction of hydrogen 
bonds between the hydroxyl groups of TPS. Therefore, 
citric acid can result in a greater degree of the amor-
phous state and a low degree of recrystallisation (or 
“retrogradation”, a term speciﬁ cally for starch) [65].
Along with promoting plasticisation, the addition 
of a plasticiser like glycerol improves the ﬁ lm’s exten-
sibility and reduces elasticity but greatly reduces the 
tensile strength [34]. However, it is noteworthy that 
at low concentrations (below around 10–15%) glyc-
erol may exhibit an anti-plasticisation effect due to 
Fengwei Xie et al.: Thermoplastic Starch: Current Development and Future Trends   DOI: 10.7569/JRM.2014.634104 
98  J. Renew. Mater., Vol. 2, No. 2, May 2014  © 2014 Scrivener Publishing LLC
its higher afﬁ nity with water than with starch [13]. 
This can increase the gelatinisation temperature of 
native starch as well as increase the glass transition 
temperature and brittleness of the corresponding TPS 
materials [13]. A further consequence of the addition 
of a plasticiser is the signiﬁ cant increase in water or 
oxygen permeability of the material [34, 66] (and the 
permeability depends on water more than on polyols 
[67]). Also, plasticisers like glycerol and sorbitol were 
found to allow ﬁ lms to have higher water solubility 
than other less hygroscopic plasticisers due to their 
strong afﬁ nity with water [34]. 
3.2 Additives (Including Nanoﬁ llers)
In addition to plasticisers, other additives can be intro-
duced to the extrusion feed for various purposes. For 
example, to reduce the material’s tendency to stick to 
the die and clogging it, lubricants can be used such 
as magnesium stearate [68], calcium stearate [69] and 
ﬂ uoro-elastomers [70].
Various nanoﬁ llers have been used to improve 
the properties (typically as mechanical properties) 
of TPS and/or to add functional properties. These 
include phyllosilicates (e.g., montmorillonite (MMT)), 
polysaccharide nanoﬁ llers (e.g., cellulose nanowhis-
kers, starch nanocrystals); carbonaceous nanoﬁ llers 
(e.g., carbon nanotubes), and various metalloid oxides, 
metal oxides, and metal chalcogenides, as having been 
comprehensively reviewed elsewhere [71–73]. As the 
most frequently used nanoﬁ ller, MMT, as a layered 
nanoﬁ ller, when dispersed homogeneous in TPS, can 
increase the barrier properties as well as reinforce 
the material [74]. It is worth noting that unmodiﬁ ed 
MMT can be dispersed in TPS more evenly than any 
other modiﬁ ed MMT counterparts, due to the former’s 
stronger hydrophilicity which results in stronger 
polar interactions, especially hydrogen bonds formed 
between the –OH groups of the MMT and of the starch 
molecules [75–78]. This example hints at the impor-
tance of considering the nanoﬁ ller’s hydrophilicity for 
choosing effective nanoﬁ llers for TPS materials.
3.3 Blended Polymers
To improve the performances such as barrier prop-
erties, moisture resistibility, mechanical properties, 
and long-term stability, starch is often blended with 
other (preferably biodegradable) polymers such as 
polylactide (PLA) [8, 64, 79–89], polycaprolactone 
(PCL) [8, 79, 90–96], poly(butylene succinate adipate) 
(PBSA) [8, 92, 97], poly(hydroxy ester ether) (PHEE) 
[89, 98] and polyhydroxyalkanoates (PHA) [89, 99, 
100]. Blending starch with another biodegradable pol-
ymer can maintain the “green” nature of the material; 
but, depending on the intended usage, the control of 
biodegradation of the whole material is sometimes 
desired, since starch is known to normally have very 
fast degradation. Moreover, there is always an issue 
with miscibility between starch and another polymer 
due to the difference in hydrophilicity/hydropho-
bicity. Regarding this, the use of a compatibiliser is 
important. For example, for starch blended with a 
polyester (PLA, PCL or PBSA), methylenediphenyl 
diisocyanate (MDI) could reactively compatibilise the 
two components [84, 92]. Nonetheless, the toxicity of 
many effective compatibilisers like MDI has forced 
people to seek more friendly strategies. Huneault 
and Li [101] claimed that the interface of starch and 
PLA could be improved by using PLA grafted with 
maleic anhydride (MA) for the interfacial modiﬁ ca-
tion. Besides, it has been demonstrated very recently 
that chemically modiﬁ ed plant oils (MA-grafted tung 
oils [102] and expoxidised soybean oil [103]) are also 
effective in increasing the compatibility between 
starch (MA-grafted) and PLA. 
4  PROCESSING FOR THERMOPLASTIC 
STARCH
4.1  Characterisation of Native Starch for 
Design of Starch Processing 
As starch undergoes phase transition during thermal 
processing, it is important to understand the thermal 
phase transition of starch before practical processing 
work. This can be done by various techniques such 
as microscopy with hot-stage, DSC, X-ray diffraction 
(XRD), and nuclear magnetic resonance (NMR) [1, 104]. 
Among these, DSC has gained the most popularity due 
to its convenience of use and accurate results. However, 
as the thermal phase transition (gelatinisation) of starch 
occurs only with water (and/or other plasticisers), it is 
signiﬁ cant to avoid the loss of water during measure-
ment; otherwise the endotherm of water evaporation 
would largely interfere with the signal of starch phase 
transition (which is much weaker than that of the for-
mer). Regarding this, a stainless steel high-pressure 
pan was used in DSC for understanding the phase 
transitions of different starches in pure water [16] or in 
water–glycerol mixtures [46]. 
Processing of starch usually involves shear treat-
ment, which is expected to greatly facilitate the phase 
transition of starch as it can disrupt the multilevel 
structures of starch granules. This cannot be under-
stood solely by DSC. Regarding this, an attempt was 
made by Xie et al. [105] to study the phase transition 
of starch with a low moisture content (45%) and under 
shear stress by using dynamic mechanical analysis 
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(DMA). The results showed that the variations in the 
physical parameter, damp (tanδ) in DMA, occurred 
both before thermal transition (as indicated by the 
heat ﬂ ow in DSC) started and after thermal transition 
completed. However, the shear treatment in DMA 
was quite small. By using a twin-rotor mixer (Haake 
Rheomix®), Xue et al. [106] and Wang et al. [20] inves-
tigated the phase transition of starch under a strong 
shear treatment, just like in an extruder. The torque 
curve could be used to reﬂ ect the viscosity change and 
to estimate the time needed to achieve the steady mol-
ten starch phase, which could provide useful infor-
mation for designing practical extrusion processing. 
Nevertheless, more studies are urgently needed to 
understand the changes of starch under a combined 
thermomechanical treatment.
4.2 Processing Techniques for Starch
There are a number of techniques used to produce 
TPS materials, including the most frequently used 
extrusion, as well as injection moulding, compres-
sion moulding, internal mixing, etc. Extrusion can be 
considered as a core processing technique and is usu-
ally coupled with, or prior to, other processes such as 
injection moulding, compression moulding, and ﬁ lm 
casting. While solution ﬁ lm casting could be the sim-
plest method for the preparation of starch-based ﬁ lms, 
it is considered to be much less efﬁ cient for industrial-
scale production and thus is not discussed in the cur-
rent paper. More details of thermal processing tech-
niques for the production of TPS can be found in a 
review paper [1].
4.2.1 General Concept of Starch Extrusion
The main extrusion facility for starch extrusion pro-
cessing can be a single-screw extruder (SSE) or a 
twin-screw extruder (TSE). The differences of these 
two types of extruders have been discussed in detail 
elsewhere [107]. It is noteworthy that while a SSE can 
handle the high viscosity of starch and provide a high 
processing pressure for continuous metering of starch 
through die shapes, a TSE is much better for the ﬁ rst 
stage of TPS production from raw starch powder, as 
its twin screws have a self-wiping ability. Moreover, 
a TSE has a large operational ﬂ exibility (the control of 
individual barrel zone temperatures, multiple loca-
tions for feeding solids and liquids, and versatile 
screw conﬁ gurations for different degrees of mixing/
kneading) and is useful for intensive mixing and com-
pounding of components into TPS. 
A schematic of the twin-screw extrusion process for 
the production of TPS is shown in Figure 2 [2]. Here, 
the native starch granules are introduced, preferably 
by a powder gravimetric feeder, into the extruder in a 
hungry way (i.e., the feeding capacity is less than the 
conveying capacity of the screws at the feeding port). 
Liquids (typically plasticiser) could be introduced 
in a following location, preferably using a pressure-
injection way to ensure uniform mixing between 
the solid(s) and the liquid(s). The granules undergo 
exposure to high temperatures and pressures in the 
extruder, resulting in the disruption, and gelatinisa-
tion/melting, of starch granules [16]. After gelati-
nisation, the TPS will undergo further melting and 
compression, which may be increased with increased 
use of high mixing (kneading or reversing) elements 
Figure 2 Schematic representation of starch processing by extrusion. Reproduced with permission from [2]; Copyright © 2012 
Elsevier.
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in the screw. It is important to note that degrada-
tion of starch molecules also occurs with the thermal 
mechanical treatment in the extruder, with amylopec-
tin molecules suffering more than amylose [5, 108]. 
And the mechanism for scission of the polymer chains 
is believed to preferentially take place close to the cen-
tre of the molecule, causing the size distribution to 
narrow and converge toward a maximum stable size 
[108]. The TPS is forced through the extrusion line and 
ﬁ nally out of a die at the end of the extruder at a con-
trolled rate (possibly with the aid of a melt pump to 
further control the ﬂ ow rate).
It is interesting to note that some special techniques 
have been used for the production of TPS. For exam-
ple, Stute et al. [109] claimed that starch can be gelati-
nised by a high pressure (upwards of 800 MPa) alone. 
However, this high pressure cannot be easily achieved 
without special equipment, and to date this method 
of processing has only been applied to starch slurries. 
4.2.2  Characteristics of Starch Extrusion 
Process
The primary aim of extrusion is to ensure complete 
melting and sufﬁ cient mixing, while avoiding deg-
radation (to maintain good mechanical properties), 
to obtain a homogenous TPS melt. This can only be 
achieved by careful investigation of the key process-
ing parameters, including raw material feed rate, tem-
perature, screw speed, and screw proﬁ le.
The temperature proﬁ le in extrusion is a vital 
processing parameter that needs to be established 
mostly depending on the feed material. A typical 
temperature proﬁ le for all starches will start from a 
low temperature (e.g., room temperature), ramp up 
to a highest value at the middle of the barrel, and 
then is reduced to some extent at the sections near 
the die and at the die. The use of a low temperature 
at the sections near the feed port is to prevent the loss 
of water immediately after the raw starch is fed in, 
since water is the most frequently used plasticiser. 
Then higher temperatures at the middle sections, 
especially coupled with kneading elements there, 
could provide a strong thermomechanical treatment 
to destroy starch granules and transform starch into 
TPS. A reduced, appropriate, temperature at the die 
could assist stable extrusion of the material from 
the die (without undesirable foaming if water and/
or other volatile substances are used in the formu-
lation) and facilitate the orientation and crystallisa-
tion of the material for better properties (in particular 
mechanical).
It is noteworthy that the different abovementioned 
parameters can further determine three more impor-
tant parameters, namely pressure, residence time, and 
SME. For example, a change in the screw speed will 
also modify the pressure, SME, and even temperature. 
Thus, it is often difﬁ cult to isolate the effects of the lat-
ter three parameters.
According to Gropper et al. [110], SME can be calcu-
lated from the following equation: 
 SME = (N × T × 60) / Q (1)
where N is screw speed (rpm), T is torque (N·m), Q is 
feed rate (kg/h), and SME is in unit of kJ/kg. In gen-
eral, an increased ratio of N/Q can result in a higher 
SME value and greater macromolecular degenera-
tion, leading to decreased viscosity [2]. Also, it has 
been found that higher screw speeds can lead to lower 
gelatinisation of the starch because they decrease the 
residence time of the starch material in the extruder 
[111]. However, increasing the screw speed may also 
lead to a higher mixing torque [112].
4.2.3 Reactive Extrusion of Starch
Reactive extrusion (REX) means concurrent reac-
tion and extrusion. It can be used to produce either 
chemically modiﬁ ed starch or starch-based blends 
with high conversion efﬁ ciency and a rapid rate of 
production, which has already been extensively 
reviewed in several papers [113–115]. This technique 
has recently been used more innovatively. For exam-
ple, Frost et al. [116] created plasticised starch–silica 
(SiO2)–poly(vinyl alcohol) (PVOH) composite ﬁ lms 
by REX using tetraethyl orthosilicate (TEOS) as a pre-
cursor. The TEOS-to-SiO2 conversion efﬁ ciencies of 
up to 41.3% were achieved, and the resulting ﬁ lms 
had well dispersed SiO2 particles of size ranging 
from 20 μm to < 1 μm, which were responsible for 
the increased tensile strength and Young’s modulus. 
In addition, some of the studies of starch–PLA blends 
by Xiong et al. [102, 103, 117], as mentioned in Section 
3.3, could also be considered as involving REX, as the 
compatibiliser, starch, and PLA reactively interacted 
with each other during melt processing.
4.2.4  Impact of Extrusion on Structures and 
Properties of Thermoplastic Starch 
Products
Since extrusion processing is complex, it is not an easy 
job to design a perfect extrusion process for the produc-
tion of TPS materials with mostly desirable properties. 
This needs repeated practical tests with an extruder 
and improvements in the extrusion process, tak-
ing into consideration different technical parameters 
(type of feed starch, formulation, extrusion process-
ing conditions, and also subsequent environmental 
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conditions [relative humidity and temperature] of 
storage or annealing).
It is hoped that native starch granules can be com-
pletely transformed into a homogenous plasticised 
state by extrusion, but unfortunately TPS products, 
especially those from high-amylose starches (which 
are preferably used for better properties neverthe-
less), normally still contain remaining starch gran-
ules. This can be detected by various techniques 
such as microscopy and X-ray diffraction (XRD). 
Using a light microscope, Li et al. [7] showed that 
granules that were not disrupted still largely exist 
in extruded ﬁ lms from high-amylose starch. The 
XRD can also be useful in detecting the granule rem-
nants and its original crystalline structure. As men-
tioned before about original polymorphs of starch, a 
strong signal indicating A- or B-type by XRD usually 
means a large amount of remaining starch granules 
[5]. Moreover, atomic force microscopy (AFM) can 
be a good way to image ﬁ lm samples and obtain 
topographic images of the starch ﬁ lms surface at a 
micrometre level. It is found that there were granu-
lar envelopes with a size of around 10 μm with a 
surround matrix of amylose, and when ﬁ lms were 
more gelatinised, the surface contained less granu-
lar envelopes [118]. When these envelopes were sur-
rounded by dark regions, it might represent surface 
tension developed by concentrated amylose solu-
tions in relation to granule remnants as the liquid 
evaporates during ﬁ lm formation [118]. 
For reducing the granule remnants in TPS prod-
ucts, a change in parameters such as increased tem-
perature or screw speed may be able to make a more 
homogenous ﬁ lm. It has been suggested that during 
extrusion the mechanical shear is more important in 
disruption of the granules and their crystalline struc-
tures than thermal treatment [5]. However, care needs 
to be taken, as the mechanical shear is also more sig-
niﬁ cant in contributing to the degradation of amylo-
pectin molecules [5], potentially negatively affecting 
the mechanical properties of the ﬁ nal products.
5  PROGRESS OF STARCH 
PROCESSING RESEARCH AT UQ
At The University of Queensland (UQ), we have 
focused on many fundamental aspects in starch pro-
cessing, including understanding of fundamentals of 
native starch [10, 119–121], starch degradation during 
extrusion [5, 108], processing rheology of TPS [122], 
effects of starch type and chemical modiﬁ cation on 
the processing and properties [23, 31]; development of 
new TPS polymer blend products [123–126], optimi-
sation of the related processing [127], understanding 
of performance of TPS by post- processing envi-
ronmental conditions [128–130]; as well as the very 
recent work on plasticisation of starch using novel 
plasticisers [131]. 
Product wise our research has focused on the devel-
opment of water soluble rigid sheet products and 
blown ﬁ lms for dry goods packaging and water resis-
tant injection moulding grades for moulding applica-
tions [132]. Very recently we have embarked on a new 
project focusing on thin starch ﬁ lms for barrier pack-
aging. This project, through 
• the development of new biopolymers, 
• the understanding of barrier properties for bio-
polymer ﬁ lms and laminates, and
• smart design of ﬁ lms for speciﬁ c packaging 
applications, 
will enable the robust development of high-perfor-
mance thin ﬁ lm products with enhanced barrier prop-
erties. This technology will greatly expand the prod-
uct range of current TPS ﬁ lms into attractive markets, 
such as meat trays and smart packaging, by diminish-
ing reliance on one raw material feed stock, control of 
novel processing conditions, and by providing possi-
ble environmental advantages. An example of a novel 
thin ﬁ lm is shown in Figure 3.
There is a lack of understanding of processing starch 
ﬁ lms at low gauge (under 50 microns), as well as the 
subsequent relationships of processing–structure–
properties of these ﬁ lms. A range of ﬁ lm properties 
such as pH resistance, bacterial resistance, tempera-
ture resistance, barrier resistance and changes in these 
properties over time, have also not been explored.
Figure 3 Thin extruded thermoplastic starch ﬁ lm at 12 
micron produced at The University of Queensland.
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6 CONCLUSIONS
Clearly starch has always offered a very attractive 
low-cost base for new biodegradable polymers due 
to its low material cost and ability to be processed on 
conventional plastic processing equipment. However, 
poor processibility and product properties narrow 
the applicability of TPS to niche markets (e.g., edible 
food packaging, disposable packaging). Thus, the 
main technological drive in the future will be the 
engineering of more advanced properties into these 
kinds of low-cost materials. This development will 
most probably be in the form of integrating research in 
parallel from:
a. New TPS formulation (like alternative plastici-
sation methods, blends, nanocomposites, and 
reactive modiﬁ cation), and 
b. Better fundamental understanding of TPS 
processing and its effects on extruded starch 
structure and properties (gelatinisation, plasti-
cisation, retrogradation, degradation, and ﬁ nal 
material structure and properties). 
It is hoped that this paper has addressed key aspects 
of both these parallel development streams.
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